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Section S1. Supplementary experimental methods Section S2. Single-molecule charge transport by MCBJ technique Section S3. Computational methods and results Fig. S1 . The characterization spectra of products b and c. Fig. S2 . The evolution of the UV-vis spectra for Diels-Alder reaction under the same condition with in situ NMR measurements. Section S1. Supplementary experimental methods 1.1. Materials and synthetic methods Materials. 1,3,5-Trimethylbenzene (mesitylene) and 2,3-dihydrofuran were purchased from Sigma-Aldrich. 3,6-Di(4-pyridyl)-1,2,4,5-tetrazine was purchased from Tokyo Chemical Industry. Dichloromethane (DCM) was drying by distillation with calcium hydride, and tetrahydrofuran (THF) was drying by distillation over sodium. All other chemicals, reagents, and solvents from commercial sources were used as received without further purification unless otherwise noted.
1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AVIII-500 spectrometer (500 MHz and 125 MHz, respectively) and Bruker AVIII-850 spectrometer at 298 K (850 MHz and 213 MHz, respectively). The spectra were referenced to residual proton-solvent references ( 1 H: CD2Cl2: 5.32 ppm;
13 C: CD2Cl2: 53.84 ppm. High-resolution mass spectra (HR-MS) were recorded on a Bruker En Apex Ultra 7.0T FT-MS mass spectrometer.
Synthesis of product b: According to the published protocol (38), 3,6-Di(4-pyridyl)-1,2,4,5-tetrazine (Compound a, 23.6 mg, 0.1 mmol) was dissolved in tetrahydrofuran (100 mL). Then excess 2,3-dihydrofuran (7.009 g, 7.56 mL, 100 mmol) was added to a stirred solution of 3,6-Di(4-pyridyl)-1,2,4,5-tetrazine. Monitored by in situ NMR, the peaks of 3,6-Di(4-pyridyl)-1,2,4,5-tetrazine vanished while the peaks of compound b appeared. As compound b is instable in the condition of purification, it could only be characterized by in situ NMR.
Characterization of b:
1 H NMR (500 MHz, CD2Cl2) δ 9.34-9.35 (dd, J = 6.04 Hz, 2H), 9.32-9.34 (dd, J = 6.11 Hz, 2H), J = 6.18 Hz, 2H), (dd, J = 6.12 Hz, 2H). It was hard to distinguish the signals in the high-field region from reactants and solvents in situ.
Synthesis of product c: 3,6-Di(4-pyridyl)-1,2,4,5-tetrazine (23.6 mg, 0.1 mmol) was dissolved in tetrahydrofuran (100 mL). Then excess 2,3-dihydrofuran (7.009 g, 7.56 mL, 100 mmol) was added to a stirred solution of 3,6-Di(4-pyridyl)-1,2,4,5-tetrazine. The resulting mixture was stirred for 24 hours at room temperature. We could see an obvious color change of the mixture from amaranth to pale yellow after 2 hours, then the mixture kept pale yellow thereafter. We got the brown product c by evaporating the solvent, recrystallizing in the mixed dichloromethane/hexane, and finally drying under vacuum at ambient temperature (yield, 20 mg, 84.9%). 38, 156.53, 151.04, 150.42, 144.97, 143.78, 138.55, 125.72, 124.36, 121.51, 61.72, 53.84, 34.79 -2 mM•min -1 , which shows a good agreement with NMR measurement, indicating the proportion calculated through the area integration from NMR peaks can be used for kinetic investigation.
1.3. Kinetic information extracted from the in situ 1 H NMR spectra Fig. S3 . In situ 1 H NMR spectra evolution during the whole reaction. (a) In situ 1 H NMR spectra evolution for the treatment of a (1 mM) with 2,3-dihydrofuran (1M) in the CD2Cl2 (0.1 mL)/TMB (0.4 mL) solvent in NMR tube, indicating compounds b and c were formed sequentially. At the beginning of 0 min, two signals in the low-field are attributed to a, which has a small shift due to the adding of excess 2,3-dihydrofuran at 5 min. At 110 min, a was transformed to b completely with three signals in the low-field. Then b transformed into c slowly and completed the transformation at 26 hours, four signals in the low-field are attributed to c, indicating the complete conversion of b. The fitted reaction rates extracted from NMR integrals is shown in the main text. (b) The NMR spectra which are shifted by the labeled hydrogen atom for each compound are utilized for peak area integration. Ha for compound a, Hb for compound b and Hc for compound c.
During the reaction process, there only exist three species of compounds a, b and c which enable the formation of molecular junction, so that the conversion could be determined by the concentration ratio, which is derived from the integration of 1 H NMR. Since no more than two kinds of compound can exist at the same time, the concentration ratio of a/b is derived from the integration of Ha (9.43, d, J = 4. By applying a DC voltage of 100 mV, the current passing through electrode pairs was measured by a lab-built logarithm I-V converter with a sampling rate of 100 kHz using National Instrument CompactRIO-9073 for data acquisition. This converter outputs the sampling voltage by signal amplification for 1 fA to ~1 mV, and the background noise level was ~10 mV so that the current measuring sensitivity can be in the range of ~10 fA. More details about the MCBJ technique are presented elsewhere (46, 47).
Blank experiment using pure solvent
All the single-molecule conductance measurements were carried out with a homemade MCBJ device at room temperature in solution containing 1 mM of target molecule in a mixture of deuterated dichloromethane (DCM, Cambridge Isotope Laboratories, Inc. For better comparison with NMR results, deuterated DCM was also used in conductance measurements) and 1,3,5-trimethylbenzene (TMB, Aldrich, p.a.). In order to calibrate the stretching rate of gold electrodes, we used the pure DCM:TMB (v/v 1:4) solvent without target molecule as blank experiment for the calibration of distance for MCBJ experiments. Since DCM and TMB are polar and non-polar solvents, respectively, the polar DCM will increase the leakage current and therefore the noise level, and the non-polar TMB helps to lower the background noise. However, most of the investigated molecules need the polar solvent to enhance their solubility. Therefore, DCM could be used to dissolve the molecules in our reaction system appropriately (48), and TMB was adopted to decrease the leakage current. After screening the optimal ratio of the DCM/TMB mixture, we found that a 1:4 v/v ratio is optimum for single-molecule conductance measurements, as shown for a range of other molecules in our previous publications (49) and also for the molecules reported by Prof. van der Zant's group in Delft University of Technology (27). The 1D conductance histogram and 2D conductance-distance histogram in Figs. S5c and S5d, respectively, show direct tunneling and clear non-plateau features, which suggests a pure and clean environment inside the gap between the two electrodes on the notched wire chip. According to the measured tunneling decay constant (log[ΔG/G0]/z= -5.5 nm -1 ) in the same solvent using STM-BJ technique (46), we calibrated the relative displacement in the conductance range from 10 -4 G0 to 10 -6 G0 to be ~0.36 nm (-2/-5.5 = ~0.36 nm). In addition, the snap-back distance has also been calculated. Since a perfect linear atomic chain of gold has a conductance of G0, we presume that log(G/G0) = -z, where z = 0 corresponds to the point, at which the distance between the terminating gold atoms is equal to the equilibrium gold-gold separation. As for the measured separation z= z-zcorr, where zcorr is the snap-back distance, a plot of log(G/G0) versusz has a slope of -and an intercept of zcorr. The electrode stretching rate has been calibrated by measuring the conductance G versus z ranging from 10 -4 G0 to 10 -6 G0 to extract the slope and the intercept. From the repeated measurements, we obtained a displacement distribution of the intercepts extended from the range of 10 -4 G0 ~ 10 -6 G0 to a range of 10 -0.3 G0 ~ 10 -6 G0, among which 10 -0.3 G0 is the zero set-point of the conductance-distance curve. The most probable displacement was found to be 0.5 nm, which is consistent with our previous studies (47). We calibrate the relative displacement in the conductance range from 10 -0.3 G0 to 10 -6 G0 to be ~0.5 nm, as shown in 
Single-molecule experiments
To easily contact to the gold electrode, we designed the tetrazine molecule with two pyridyl anchors in para positions, named as a (3,6-Di(4-pyridyl)-1,2,4,5-tetrazine), which is commercially available. Afterwards, 1 M of 2,3-dihydrofuran solution with the same mixed solvent which is also commercially available, was added into the solution of a. As the violet solution of a started to fade, the Diels-Alder reaction took place. Unlike the normal Diels-Alder reaction, compound a possesses pyridyls anchored to tetrazine core to act as an electron-deficient diene, and dihydrofuran is an electron-rich dienophile with oxygen atom. Hence, the decreasing of the reaction barrier by shifting their frontier orbitals inversely will facilitate the Diels-Alder reaction, which is called inverse-electron demand Diels-Alder (iEDDA) reaction (35) (36) (37) . Therefore, the solution color turned to yellow completely to form compound b, and then the color of compound b started to decrease, which suggested the isomerization occurred to form the aromatized product c. This process was also confirmed by the in situ NMR and UV-Vis absorption spectra measurements (Figs. S1-2 ).
Then the single-molecule conductance was measured using MCBJ technique at room temperature in the mixed solvent of dichloromethane (DCM) and mesitylene (TMB) (1:4 v/v) with concentration of 1 mM, and 100 mV bias voltage with a sampling rate of 100 kHz was applied between the two electrodes. Since 2,3-dihydrofuran does not have anchoring group to attach to the gold electrode, the blank experiment of 2,3-dihydrofuran exhibited a non-peak feature. Here we got three stable conductance states and the measured results are shown in Figs. S5f-i.
It is found that compound a shows a prominent conductance peak at 10 -4.45 G0 with clear discrete multiple G0 peaks (G0 is the conductance quantum, which equals to 2e 2 /h), which suggests gold atomic chain was pulled out, and then a molecular junction was formed, as shown by the 2D conductance histogram constructed from 3000 individual conductance-distance traces in the left column of Fig. S5h (purple) . The middle column of Fig. S5h (green) showed the conductance histogram of b was also constructed from 3000 individual conductance-distance traces, suggesting that b was more conductive with 10 -3.91 G0.
The single-molecule conductance of compound b held its state for at least one hour, and afterward, the conductance started to decrease, which suggested the isomerization occurred to form the aromatized product c, and finally reached to 10 -4.72 G0, as shown in right column of Fig. S5h (blue) . Further relative displacement distributions of each conductance state were constructed (Fig. S5i) , confirming that the molecular length was almost constant and that the reaction occurred only on the central ring, and the molecular backbone remained rigid. Therefore, the conductance differences of a, b and c could be explained to originated from the central aromatic ring. According to the previous review (23), molecule with stable quinoidal resonance-structure shows high conductivity and vice-versa. As aromatic cores can destabilize the quinoidal resonance-structure, compounds a and c showed lower conductivity, nevertheless, product b with non-aromatic core are more quinoidal in character, leading to a higher conductivity. For the first process, the 2,3-dihydrofuran was largely in excess (1 mol/L), the addition reaction will occur upon the two solutions of dihydrofuran and compound a were mixed, the reactant of dihydrofuran will make a successful collision with molecule a, even when the diene is captured between two electrodes. Meanwhile, the Diels-Alder addition reaction can be considered as pseudo first-order reaction, since the concentration of dihydrofuran can be considered as a constant, the proportion evolution with reaction time scale can be fitted in an exponential manner. The conductance measurement results showed good consistency with the NMR measurements, including the UV-Vis measurements, all confirmed our assumptions (Fig. S2d) . While for the aromatization process, since it might take several transition-states from compound b to compound c, the concentration of the initial state will be consumed immediately, therefore, the concentration seems to be irrelevant, especially around the nanogap area, therefore, it took a long time for compound b moved into the nanogap area and began to convert into compound c. Consequently, the reaction kinetics is more complicated, according to the experimental results, the proportion evolved with reaction time can be fitted in a linear manner.
Therefore, to extract the intrinsic kinetic information, the calculated proportion data of Fig.  S6g were fitted as shown in the main text ( Figs. 2A and 2B ). Since the dihydrofuran is excessive, therefore, the addition reaction at the first stage can be considered as a quasi-first order reaction, the same as the aromatization at the second stage. Thus, the reaction time has an exponential relationship of P = P0(1-exp(-kt)) with the proportion of the product, where P is the proportion of the compound b, P0 is the initial proportion of compound a, and k is the reaction rate constant. The k was fitted as 3.59×10 -2 mM•min -1 with a standard error of 0.317×10 -2 mM•min -1 . While for the second stage, the k was fitted as 6.31×10 -3 mM•min -1 with a standard error of 0.248×10 -3 mM•min -1 .
Reaction kinetics of conductance measurements under different bias voltages
As the applied electric field might have a positive effect on the intra-molecular isomerization reaction. In order to confirm the electric field activation of the aromatization reaction process, parallel in situ electrical characterizations under different bias voltage were performed using the same concentration of the reagents in the same DCM/TMB solution under the same measuring conditions. Setting the bias voltage to 10, 30, 50 and 200 mV, respectively, the addition reaction process of the first stage was indicated to still be completed within 110 mins (Figs. S6b-f) . However, when the bias voltage is very small, such as 10 mV, the isomerization process could not be completed during the whole measurements (300 mins). While as the bias voltage increased, the whole reaction accelerated. As summarized in Fig. S6g , the k10 was fitted to be 0.71×10 -3 mM•min -1 , the k30 was fitted to be 5.11×10 -3 mM•min -1 , the k50 was fitted to be 5.65×10 -3 mM•min -1 . While the k100 was fitted to be 6.31×10 -3 mM•min -1 from the previous test, and the k200 was fitted to be 7.22×10 -3 mM•min -1 . The experimental results
showed that the reaction rate gradually enhanced as the bias voltage increased, which further proved that the selective activation effect of the electric field is on the second reaction process.
Section S3. Computational methods and results

Computational setup
All density functional theory calculations in this work were performed using the Gaussian 09 program suite (50). The equilibrium geometries including reactants, transition states, intermediates and products were optimized at the hybrid meta exchange-correlation M06-2X functional (51) with 6-31+G(d) basis set (52, 53), which has been verified to give a good description of chemical reaction barrier (14). The vibrational frequencies were calculated at the same level to identify the stationary points and transition states (TSs) with zero and one imaginary vibrational mode, respectively. TSs were also verified by both examinations of the normal mode and the intrinsic reaction coordinate (IRC) calculations. To explore the influence of OEEFs on activation barrier, a variety of field strengths (F) from F = -0.005 to F = +0.005 a.u. (about ± 2.57 V/nm) with 0.001 a.u. increments were applied. The static electric field was set along the z-reaction-axis, where z is oriented along the N-N bond of the reactants. Note that in Gaussian 09, the positive z-direction of OEEFs is defined from the negative charge to positive charge. The studied molecules were carried out without any geometric constraints and the molecular symmetry was not broken by the OEEFs. All calculations employed the polarizable continuum implicit solvent model (PCM) (54, 55) to describe the solvent effect of DCM/TMB mixed solution with a dielectric constant = 3.598.
To have a further insight into the conductance trend of the observed complexes, theoretical simulations using a combination of DFT and a nonequilibrium Green's functions (NEGF) in the first-principle ATK package were carried out. The local density approximation (LDA) with the Perdew-Zunger parameterization of the correlation energy of a non-spin-polarized homogeneous electron gas was used. The single- with a single polarization basis set was employed for Au atom and the double- basis functions with a single polarization for other atoms, which is comparable to well-converged plane wave basis set (56, 57). The energy cutoff was set to 150 Ry, which is enough for Au electrode system. The k point with a grid of (5*5*101) was used in the calculation of transmission spectrum. The geometry optimization at the zero bias was performed with the convergence criterion of 0.02 eV/A.
3.2. Results and discussion 3.2.1. Structure-conductivity relationships Because of four nitrogen atoms existing in molecular structure (Fig. S7a) and lower lowest unoccupied molecular orbital (LUMO) formation (Fig. S7b) , the theoretical transmission analysis shows that b displays the highest conductance (Fig. S7c) . Compared with b and c, the medial molecular geometry changes from conjugate alkene form to an aromatic ring, which causes a rise in LUMO level from -6.61 eV to -6.41 eV, a shift away from Fermi level and a lower conductance for c. The very large activation energy barriers of H1 transfer from C1-H1 to oxygen atom with (a) no water molecule, (b) one water molecule and (c) two water molecules assisted proton relay, which suggests the concerted mechanism that the processes of bond-breaking, ring-opening and aromatic-isomerization happen at one step is hard to occur. The middle column: the reaction pathways of b→1' (intermediate state) starting with the deprotonation from C2-H2 in the absence of OEEFs. Formation of 1' with H2 migration from C2-H2 to oxygen atom via (d) no water molecule, (e) one water molecule and (f) two water molecules assisted proton relay, respectively, are also not likely due to the high activation energy barriers. The right column: the reaction pathways of b→1 (intermediate state) in the absence of OEEFs via (g) two water molecules, (h) three water molecules and (i) four water molecules assisted proton relay, respectively. Compared with the activation energy barriers of proton migration from C1-H1 or C2-H2 to oxygen atom, the lower barrier of b→1 process implies that the proton removed from C1-H1 preferentially transfers to the base site of N atom. Moreover, the proton relay through water molecule can reduce the reaction barrier from 33.21 kcal/mol (via two water molecules assisted proton relay) to 28.57 kcal/mol (via four water molecules assisted proton relay). pathway of b→c via TS1 (a four-water-molecules assisted proton transfer), TS2 (a two-water-molecules assisted proton transfer), and TS3 (a two-water-molecules assisted proton transfer) states. The calculated effects of OEEFs on the forward and reverse reaction barriers of (d) b→1, (e) 1→2, and (f) 2→c reactions, respectively. It is found that OEEF has much more influence upon the barrier of the forward process for b→1 than the other processes, and hence, to understand the accelerated aromatization process of b→c, it is necessary to investigate the origins of the OEEF effect on the first step. When negative OEEFs are applied, the forward barrier of the first step is much higher. However, the barrier significantly reduces with positive OEEFs applied and becomes even lower as the electric field becomes more positive. (g) The energy profiles of reaction b→c with OEEFs without taking the energy of reactant b as a base line. The free energy of reactant b will rise about 9.69 kcal/mol compared to that under no OEEFs. In order to better compare the effect of OEEFs on the reaction barriers, the energy change of reactant b under electric field does not be highlighted in Fig. 3B . As the Fz value increases, most of the bond distance of C1-H1 for TS1 becomes shorter, suggesting that the TS1 structure is stabilized by the OEEFs, leading to a low barrier. (e) The forward and reverse reaction barriers of b→1 versus small OEEFs strengths between -0.41 and +0.41 V/nm. When Fz < 0, the forward barrier is much higher. While positive OEEFs are applied, the barrier gradually decreases as the electric field becomes more positive, which is consistent with the effect of strong OEEFs strengths between -2.57 and +2.57 V/nm on the reaction barriers of b→1.
The initial step is the 1,3-hydrogen migration to its closest base site of N atom (28.57 kcal/mol) via proton relay assisted by four water molecules through TS1. After that, the proton shifts to another adjacent N atom (22.48 kcal/mol) with two molecules of water involved through TS2, and then the proton moves to O atom (17.87 kcal/mol) with two waters involved through TS3.
In combination with the geometric and electronic structures, and the transmission analysis, the conductance order is
, which is consistent with MCBJ experimental data. Although molecules absorption on gold surface is a random and spontaneous process in MCBJ experiment, the molecular dipole can induce molecules directional absorption on gold surface under oriented OEEFs. It is interesting to note that the Diels-Alder reaction of a→b is relatively insensitive to the OEEFs direction and strength due to the OEEFs oriented perpendicularly to the "reaction-axis". Compared with the different reaction mechanisms, the energetically optimum route for b→c is the three-step reaction pathway. In the process of b→c, water molecule acted as a proton relay plays an important role in reducing the strain of the transition state. Meanwhile, the forward reaction of b→1 shows strong sensitivity to the presence of an oriented electric field. The reaction energy barriers will decrease/increase under positive (Fz > 0)/negative (Fz < 0) fields, respectively.
Besides, since the molecular junction would become tilt between the two electrodes during the break junction process, which will not be fully stretched, causing different orientation with the electric fields, further clarification of the catalytic effect of electric fields should be made. For the first Diels-Alder process, the attack direction for the dienophile is orthogonal to the plane of diene. The middle tetrazine can rotate to an angle, which makes the reaction-axis align orthogonally to the OEEF, even when the diene is tilted, thus, no matter what the rotation of middle tetrazine is, the attack direction is always orthogonal to OEEF, causing no catalytic effect of OEEF for the Diels-Alder process. On the other hand, beside the nitrogen binding mechanism, pyridine can also bind to gold electrode through -binding mechanism (59). In our experiment, the junction without fully stretched will not be as tilted as expected, since the pyridyl anchor will adsorb onto the gold pyramid apex, the backbone of reactant isn't rigid and will endure a flexible bending, causing possibility for the central core to still be aligned parallel to the electric field. Besides, the electric field was kept in its orientation during the gap change, which will still induce the reactant molecule with a dipole moment to adsorb on the electrode surface with the same orientation. For the following aromatic isomerization process, it's an intramolecular reaction, so that even in the tiled junctions, not only the OEEF strength is stronger, but also the C-H cleavage direction can be even parallel to the OEEF, which favours the aromatization process furthest. And more tilted junction will enhance the OEEF catalytic effect to the aromatization process. For R is the molar gas constant, T is the temperature for about 300 K, k1 and k2 stand for the reaction rate constants of stage b→c without and with OEEFs, obtained from NMR and conductance measurements, respectively (see Fig. 2B ). Therefore, according to the above equation, Ea is about 1.3 kcal/mol. On the other hand, theoretical calculation for the step of b→TS1 suggests the reaction barrier difference without and with OEEFs is about 28.57 -25.77 = 2.8 kcal/mol (Fig. 3B) . The difference between experimentally and theoretically calculated barrier heights (2.8 -1.3 = 1.5 kcal/mol, which equals to 0.07 eV) is so small which can be negligible, indicating that the theoretical reaction route of the aromatization process is reasonable.
